Abstract. Delay times of compressional body wave phases from both teleseismic and local events are used to invert for a high-resolution P wave velocity model in the Tonga subduction zone. The images obtained show a high-velocity subducting slab with velocity deviations of the order of 3-4%. Assuming to first order that the positive velocity anomalies within the slab are caused by a temperature effect, a theoretical slab temperature model based on the diffusion equation is used to explain velocity anomalies within the tomographic slab. Temperature differences between the interior of the slab and the ambient mantle are converted to velocity perturbations using the scaling parameter dVp/dT • 4.8 x 10 -4 km s -• øC-• for lithosphere material. The optimal values for the parameters in the temperature model are found using a nonlinear optimization that compares the integrated velocity anomalies in the tomographic slab region to integral of high velocities in a synthetic slab derived from a temperature model. The parameters for slab thickness and mantle potential temperature are not uniquely determined; therefore a fixed value for the mantle potential temperature based on laboratory values for the temperature of the spinel-to-perovskite transition at 660 km is used. Using 1180øC as the potential temperature, the theoretical temperature model gives an optimal slab thickness of 82 km for a region near 29øS in Tonga. The uncertainty in the thickness is dominated by the uncertainty in the mantle temperature and would be 8 km for an uncertainty of 100 ø in mantle temperature, but nonsystematic errors are less. In order to enhance the tomographic result the velocity model is biased towards the theoretical slab model. However, a posteriori changes made to the tomogram will most likely violate the fit to the delay time data. To prevent this, the difference between the tomogram and the predicted slab model is projected onto the null-space of the inversion to remove components which do not satisfy the seismic data. Using only null-space components to modify the minimumnorm solution, an enhanced model is obtained which has been biased toward the theoretical solution but has the same data misfit as the minimum-norm solution. The final image shows a very narrow and continuous slab with maximum velocity anomalies of the order of 6-7%; many of the gaps within the slab, as well as artifacts around the slab which were present in the minimum-norm solution, are absent in the biased image.
Introduction
Since its conception three decades ago, the theory of plate locity models for the upper mantle and lithosphere based on previous tectonic reconstructions and compared the synthetic velocity models to travel time tomograms. They did not use the synthetic models to enhance or modify the tomographic images. Koper et al. [1998] used forward modeling to investigate the possibility of an olivine wedge in the subducting slab.
Along with the seismological exploration of subduction regions, a number of workers have developed theoretical models to explain subduction mechanics as well as mantle convection, interactions between the lithosphere and the mantle, and petrology and chemistry of the mantle. These models are often used in conjunction with supporting experimental results to further our understanding of subduction. For example, Fischer et al. [1991] used the temperature model of Toksoz et al. [1971] along with residual sphere analysis to determine the vertical extent of the slab as well as a simple thermal structure of the slab.
In this study we unite a simple thermal model for subducting material with the results of a high-resolution, three-dimensional tomographic study of the Tonga-Fiji region. Our aim is twofold. First, we obtain acceptable values for the model parameters, such as mantle temperature and slab thickness, as well as a slab temperature profile. Unlike previous temperature profiles, our results are based on a direct fit of a physical model to tomographic images. We use seismic delay times to find the optimal values for the temperature model parameters as well as to confirm the theoretical model. The values of the physical parameters we obtain from the inversion of the temperature model can then be used along with mineral physics laboratory data to study the interaction between the slab and the mantle. For example, the interior temperature of the slab at the 400-km discontinuity is an important factor in determining the extent to which the phase change from olivine to spinel will be kinetically inhibited [Rubie and Ross, 1994] . The temperature structure of the slab is also crucial in determining the possibility that volatiles will be subducted into the transition zone [Gasparik, 1993; Nolet and Zielhuis, 1994] . Slab temperatures at the 660-km discontinuity can be used to help explain or infer the future of lithospheric material after it reaches the 660-km boundary [van Keken et al., 1996] . Second, the use of a theoretical model for the slab enables us to substantially enhance the final tomographic image without affecting the data fit. We maintain an acceptable misfit by using only null-space components to bias the tomographic image in the direction of the theoretical temperature model [Deal and Nolet, 1996b ]. The quality and resolution of previous tomographic studies of slabs have depended heavily on data quality as well as ray coverage. Poor data or inadequate ray coverage lead to artifacts and regions with low resolution. Owing to the underdetermined nature of the inverse problem, no unique solution exists. Our technique provides a method to incorporate additional information in the tomographic image without affecting the misfit. Essentially we reparametrize the slab portion of the velocity model using a theoretical temperature model; the result is a huge reduction in the number of parameters. If the changes to the velocity model (induced by the theoretical temperature model) can be projected onto the null-space, we conclude that the theoretical model and the new parametrization satisfy the seismic data.
We demonstrate the method and present results for the Tonga subduction region. In this study we combine tomography with a quantitative, theoretical temperature model for slab temperatures. A flowchart depicting the basic steps taken in our procedure is shown in Figure 1 . We stress that the nullspace projection operator, referred to as the "null-space shuttle," can be used with all linearized inverse problems which result in a singular or nearly singular matrix. Our procedure can easily be utilized in other settings where one wishes to test a theoretical model or to apply a priori knowledge to an inversion based on experimental data.
Tomographic Inversion
In order to compare a tomographic model to a theoretical temperature model it is necessary to obtain a high-resolution tomographic image of the velocity structure. The two major issues to address in order to achieve an adequate resolution are ray coverage and model parametrization. Many of the steps involved in the tomographic inversion are similar to those of van der Hilst [1995] . Here we will point out where we have made substantial improvements or modifications which are relevant for our purposes.
Data
In order to achieve excellent ray coverage we use various P wave phases reported to the International Seismological Centre (ISC) between 1967 and 1995. The data set, hereinafter referred to as EHB data, from which we choose our rays was compiled by Engdahl et al. [1998] In order to achieve a high resolution in the region of the subduction zone we parametrize the model using a threedimensional Cartesian grid of nodes spaced 50 km in the x and y directions and 30 km in the z direction (approximate depth). Trilinear interpolation is used to calculate the velocity perturbation between nodes. Previous studies have often been based on a constant velocity cell parametrization. However, for our purposes, this proved unacceptable since the rapid changes in velocity in a subduction region render a parametrization based on cells with constant velocity inadequate. The close spacing of our nodes represents a substantial improvement over many previous studies. More recent inversions such as by Zhao et al.
[1997] have also had tremendous success using a closely spaced parameterization. Comparing our results to those using a more coarse parametrization, we see the same major features, although the amplitudes, as well as the amount of fine scale detail, are increased by using closely spaced nodes. For example, van der Hilst [1995] shows the Tonga slab as several distinct high-velocity patches. Our initial tomographic results (Plates 1 and 2) link the high velocity regions seen by van der Hilst [1995] into a much more continuous, narrower feature. Besides using more closely spaced nodes, we also include a smoothing matrix (equation (2) 
where (d + s) is the vector of N travel time residuals and s is the noise present in the data [Nolet, 1987] . Because we used a global data set, we were, in practice, forced to do the ray tracing in a spherically symmetric Earth model. Ray bending will possibly lead to a shift in the exact location of the anomalies, though the effect on integrated velocity anomalies is difficult to assess, especially when finite frequency effects, which tend to reduce the dependency of the travel time to the exact ray location Tong et al., 1998 ], are taken into account. Similarly, event mislocations will lead to errors. Tarantola With the inclusion of a smoothing matrix we find a modified minimum-norm solution. However, smoothing alone is not enough to guarantee that noise in the data will not lead to numerous artifacts in the final solution. We must also damp the solution.
Damping creates a trade-off between fitting the noisy data and minimizing the changes between the model and a given reference model [Menke, 1989] . Once the model norm grows too large, the solution often contains unrealistic structures or artifacts which are caused primarily by noise or errors in the data. In our case we need a precise method for choosing the final solution. Since our intention is to fit a theoretical model for slab temperatures to the velocity perturbations in x, the goal is to find the tomographic model with velocity perturbations approaching those in the "true" Earth, while minimizing the artifacts caused by an overzealous inversion trying to fit the noise in the data. This requires us to know the statistics of the noise. Fortunately, independent estimates for the variance of the noise exist for ISC data. Multiplying both sides of (1) [Jeffreys, 1936; Buland, 1984 ] that this is not entirely true; therefore, since we are ignoring the tails present in the distribution of the seismic data, we choose to define a region of acceptable misfits based on the 6o-x level (as opposed to the more standard 2o-x or 3o-x levels). Using 6o-x still provides a very small region of acceptable misfit values. The acceptable region for X 2 misfits is shown in Figure 4 ; all the minimum-norm solutions that we inspected within E{X 2} ___ 6rr x appear to be nearly identical.
Since we know the true solution lies within a given region around the least squares solution, our goal is to lessen the distance between the best fit model and the true solution by incorporating additional information. In this study the additional information includes the notion that slab velocity variations are strongly influenced by temperature and that the temperature distribution satisfies physical laws. Neither are very certain, but we can bias our model toward such a theoretical solution and only deviate from it for as far as the data allow us to do so. Figure 8 ; the shaded region indicates the area of acceptable solutions. In order to obtain the most appropriate value for the thickness of the lithosphere we need a constraint for the temperature of the mantle.
Inverting for Slab Thickness and
The phase transition from 3/-spinel to perovskite can be used to specify the temperature at 660 km. The temperature of the phase transition to the perovskite structure is not substantially affected by the Mg to Si ratio or the percent Fe in olivine in the mantle [Ito and Takahashi, 1989] and therefore is an ideal choice for fixing the temperature at 660 km. Laboratory data on the spinel to perovskite phase change indicate a temperature of 1675øC at 660 km Chopelas, 1991, 1992] . Extrapolating this temperature to the surface (P = 0), assuming an adiabatic gradient, gives T m • 1180 ø _+ 100øC (F. Stacey, personal communication, 1996). Using this value for the potential mantle temperature gives an optimal slab thickness of 80 km in the Tonga region. However, this value represents the lower bound on l since the contour plot for misfit as a function of T m and l is based on the initial, damped, least squares tomogram.
Null-Space Shuttle
In order to create a theoretical three-dimensional model of velocity deviations we need a mechanism to combine two-dimensional slab cross sections into a three-dimensional model. The optimal temperature parameters are used to predict the slab structure for all slices, even those slices not included in the nonlinear inversion. For those slices which are deformed and have kinks in the slab structure we use an approximation in the coordinate system shown in Figure 4 . We do not feel the approximation made by bending the coordinate system in order to facilitate a kink in the temperature models is major. As shown later in this section, the null-space shuttle will correct us when and where the approximation is wrong. Finely spaced two-dimensional cross sections are then combined and interpolated to form a three-dimensional model. Using the final parameters to the theoretical temperature model, we are able to create a theoretical tomogram based on the temperature model. The theoretical slab images (see Plate 1) do not contain any structure other than the subducting slab since the simple temperature model only specifies temperatures within the descending slab. Areas far away from the slab are left unchanged from the initial tomographic model. The new velocity model which includes the theoretical slab based on the temperature model no longer satisfies the original seismic data. In order to reconcile the misfit to the EHB delay times caused by the theoretical slab, we utilize the null-space shuttle IDeal and Nolet, 1996b] . The difference between the original tomogram, which satisfies the delay time data, and the theoretical slab, which does not satisfy the delay times, is projected onto the null-space from the tomographic inversion. If the difference between the two models can be projected onto the null-space of matrix A (equation (1) 
A A x null-space = 0,
We require that the misfit of our improved image ( 
Results

Slab Morphology
The results of the tomographic inversion are shown in Plates 1 and 2. Slices are taken every 0.5 ø along the trench with slice 1 to the north; only a subset of the slices is shown. The slices depicted in Plates 1 and 2 are marked on the map in Figure 3 . Previously, we mentioned that the high-velocity material below 660 km, as well as that laid down on top of the 660-km discontinuity, is required by the data. This is seen in Plates 1 and 2; the theoretical slab model has no high velocities to the west of where the slab initially reaches 660 km. However, after projecting the difference between the theoretical model and the tomogram onto the null-space, we see high velocities above and below 660 km in the final model. We conclude that these high velocities are required by the data.
Another important result concerns the low-velocity zones surrounding the subducting lithosphere. The theoretical velocity model has no low-velocity zones surrounding the slab; however, after projecting onto the null-space, the low-velocity anomalies return in the final solution but to a lesser extent.
This means that the low-velocity zones are required by the seismic data in order to achieve the desired misfit, but the amplitude of the low velocities in the initial tomographic solution are higher than necessary. The causes for the lowvelocity zones at depth are debatable, and they are often thought to be artifacts of the linearized inversion. One speculative explanation for the low-velocity zones has been partial melt caused by the release of volatiles, primarily H20 and CO2, into the mantle. However, the release of H20 and CO2 into the mantle is usually expected to occur above 120 km depth, and in order for volatiles to reach greater depths we need to invoke superhydrous phases [Thompson, 1992; Nolet and Zielhuis, 1994] . Other possible causes for the low velocities include flow-induced anisotropy in the mantle immediately adjacent to the slab. Christensen and Salisbury [1979] have established that the a axis (fast direction) for olivine will orient in the direction of the flow line. If a large fraction of rays sampling the region beneath the slab travels nearly perpendicular to the flow direction, then there is a possibility that a low-velocity signal may be partially realized due to preferred lattice orientations in the olivine crystals. Though if this were the case, the region of low velocities should exist only in regions of large shear strain, i.e., probably within 60-120 km of the slab. Most of the images show broader regions of low velocities extending several hundred kilometers away from the slab. At some places in this region the low velocities can be traced down to the core-mantle boundary (CMB) and are possibly related to upwelling beneath the Society Islands. The purpose of this paper is not to unequivocally explain these low-velocity regions, but our results do indicate that the low-velocity zones are required by the data in order to satisfy the linearized inversion problem as currently posed.
Conclusions
We have presented a method which allows us to substantially enhance tomographic images without corrupting the data fit. In the process we are able to provide evidence supporting a theoretical slab temperature model and to obtain a range of acceptable values for mantle temperature and slab thickness for the Tonga slab. Assuming a potential mantle temperature of 1180øC +_ 100øC, we determine a slab thickness of 82 +_ 8 km for a region of the Tonga slab. We have also shown that the gap in the slab near 325 km depth seen in previous tomographic studies is not required by the data: our final images depict a much more continuous and narrow slab between 100 and 660 km.
A portion of the 1-3% low-velocity regions seen on both sides of the slab (especially beneath the slab) is required by the data. We can not eliminate these low-velocity zones by using only components in the null-space. The fate of the slab once it reaches 660 km is still debatable. In the Tonga region many of our slices indicate that the slab flattens at 660 km, and this high-velocity material is required in order to satisfy the data. There are regions, however, where we find substantial amounts of high-velocity material below 660 km, which implies some degree of slab penetration [see also van der Hilst, 1995].
Our method differs from earlier methods that use a priori information in that we use the tomogram to resemble a physical model after determination of the optimal model parameters. For example, Tarantola [1987] constraints. In this paper we have shown how the null-space shuttle can be used to bias tomographic solutions toward optimized physical models, thus providing a convenient formalism for the testing of hypotheses, even those involving complicated modeling.
